The role of charged sites on the permeability characteristics of the pulmonary microvascular barrier were investigated using chronically instrumented unanesthetized sheep. In one series of experiments we studied the effects of the cationic amphiphile, dodecyl trimethylamine (DTA; 297 mol wt), and the anionic amphiphile, SDS (288 mol wt), on lung lymph flow rates (Ql), lung lymph to plasma protein ratios (L/P), pulmonary hemodynamics, and systemic hemodynamics. DTA significantly increased both Ql and L/P, whereas SDS had a more modest and transient effect on these variables. In a second series of experiments the polycations polybrene and poly-l-lysine were found to have very similar effects as those of DTA. In another series of experiments we tested the pretreatment inhibition potential of chlorpheniramine (an H1 receptor antagonist), dibutyryl-cyclic AMP (db-cAMP), and the calcium channel antagonists verapamil and nifedipine on polybrene-induced lung injury. We found that only verapamil and db-cAMP significantly attenuated the permeability effects of polybrene. We conclude that both cationic amphiphiles and polycations cause hemodynamic and permeability alterations in the pulmonary circulation of unanesthetized sheep. In addition, the permeability alterations induced by polybrene can be modulated by intracellular calcium and/or cAMP levels.
Introduction
The transvascular passage of macromolecules is generally accepted to be controlled by molecular size, molecular configuration, and the hemodynamic forces operating across the microvessels. However, there are mounting data suggesting that molecular filtration is also influenced by the interaction of charges on the endothelial surface with charged circulating molecules (1) (2) (3) (4) . Glomerular capillaries appear to clear anionic molecules more slowly than cationic molecules of very similar hydrodynamic radii (1) . In contrast, in pulmonary mi-tated when compared with neutral dextran (2) (3) (4) (5) . Since electron microscopic examinations have shown a distribution of anionic sites on the endothelial surface in both glomeruli and pulmonary microvessels (5-7), differences in transport of macromolecules based on molecular charge between these organs might be attributed to the charge and construction of the basement membranes and interstitium (4) .
How alterations in charged sites on the endothelial surface influence the transport properties of macromolecules is of great interest. To alter the charged sites on cellular surfaces, two methods can be used: infusion of (a) charged amphiphiles or (b) polycations. Charged amphiphiles probably enter the bilipid cell membrane with their hydrophobic portion, thereby exposing their charged hydrophilic tail on the cell surface. Polycations, on the other hand, probably interact with the anionic sites (i.e., neutralize) on the cell surface.
The first purpose of this investigation was to determine the effects of altered pulmonary microvascular charge on protein transport using two amphiphiles (with identical hydrophobic alkyl chains but opposite hydrophilic charged groups) and polycations. We and others (8) (9) (10) (11) (12) have observed that infusions of cationic amphiphiles and polycations increase plasma protein clearance. Although an increase in protein transport indicates the possibility that cationic amphiphiles and polycations neutralize endothelial charged sites, it is unclear whether physical cellular alterations occur (i.e., increased intercellular gap junction size), thereby increasing macromolecular transport.
The second purpose was to examine whether polybrene, a polycation, increases macromolecular transport by a mechanism dependent on intracellular cAMP and/or calcium levels, which have been suggested to control intercellular gap junctions (13) (14) (15) . To test this possibility, we pretreated sheep with two calcium channel antagonists, nifedipine and verapamil, and dibutyryl-cyclic AMP (db-cAMP)' before polybrene-induced lung injury.
Methods

Experimental protocols GENERAL PROTOCOL
Five series of experiments were conducted on chronically instrumented unanesthetized sheep. In the first two series we evaluated the effects of the amphiphiles dodecyl trimethylamine (DTA) and SDS, and polycations polybrene and poly-l-lysine, on pulmonary microvascular permeability. In the other three series we tested the potential attenuation of polybrene-induced increased microvascular permeabil-ity alterations with (a) chlorpheniramine, an HI receptor antagonist, (b) db-cAMP, and (c) two calcium channel antagonists, verapamil and nifedipine. Pulmonary microvascular permeability was assessed by the method suggested by Taylor et al. (16) which uses the relationship of lymph flow rate to the lymph to plasma protein concentration ratio. Each sheep was allowed to recover from surgical procedures for a minimum of 7 d before being subjected to experimental protocols. After a 2-h baseline period one of the inhibitors or its vehicle was infused intravenously. 45 min after the start of the pretreatment infusion we infused one of the amphiphiles or polycations over 30 min. During the next 4 h aortic (Psa), pulmonary arterial (Ppa), and pulmonary arterial wedge (Pw) pressures, cardiac output (CO), and lung lymph flow rate (Ql) were measured every 15 min while blood and lung lymph samples were taken every 30 min for total protein and albumin concentration measurements. TXB2, 6-keto-PGFa, peripheral leukocyte, and platelet measurements were determined at baseline, 0.5, 1, 2, 3, and 4 h after beginning the infusion of amphiphiles or polycations. and DTA were chosen for their similar molecular weights yet opposite hydrophilic charges, and because their effect on isolated rat lung water accumulation has been previously reported (10) . In three sheep DTA or SDS were infused at three rates (20, 100, and 500 pg/kg over 30 min) to determine if lung lymph increases in a dose-dependent manner. In the other three sheep SDS or DTA infusions were repeated at a dose of 100 Ag/kg 2-3 times over a period of [7] [8] [9] [10] [11] [12] [13] [14] (9, 11, 12) . Series 3: Effects ofchlorpheniramine on thepulmonary responses to polybrene (six sheep). To determine ifthe apparent increase in pulmonary microvascular permeability by polybrene was mediated by histamine, we injected chlorpheniramine, an HI -histamine receptor antagonist (2 mg/kg; Sankyo Pharmaceutical Co., Tokyo, Japan), over 5 min, 45 min before the polybrene infusion. This dose of chlorpheniramine has been reported to totally block the pulmonary vascular pressure response to histamine in sheep ( 17) . Series 4: Effects ofcalcium channel antagonists on the pulmonary responses to polybrene (six sheep). Since transmembrane calcium influx may mediate polybrene-induced lung injury, we infused verapamil (20 pg/kg per min; Eizai Pharmaceutical Co., Tokyo, Japan) 45 min before polybrene infusion. Verapamil has been found to be effective in the prevention ofmicrovascular damage in other animal models (18) (19) (20) . To determine ifthe effects ofverapamil were due to inhibition of transmembrane calcium flux, we also used nifedipine (4 ug/kg per min; Bayer-Takeda Pharmaceutical Co., Tokyo, Japan), a structurally different compound that is thought to have a different site of action from verapamil (21, 22).
Series 5: Effects ofdb-cAMP on the pulmonary responses to polybrene (six sheep). Db-cAMP passes through cell membranes and is converted to cAMP, N-monobutyryl adenosine 3,5-cyclic monophosphate, and 2-o-monobutyryl adenosine 3,5-cyclic monophosphate by deacylation (23). Since we have recently reported that db-cAMP attenuated the responses of sheep to endotoxemia (24), we tested the possibility that increased intracellular cAMP levels may also protect against polybrene-induced lung damage. We began an infusion of dbcAMP (Dai-ichi Pharmaceutical Co., Tokyo, Japan) at 40 ,ug/kg per min 45 min before polybrene infusion and continued the db-cAMP infusion until the conclusion of the experiment.
Experimental preparations
Adult sheep weighing 20-30 kg (n = 6) were initially anesthetized with an infusion of sodium pentobarbital, 12.5 mg/kg i.v. The sheep were then intubated and ventilated at 15 ml/kg tidal volume at a rate of 10-14 breaths/minute with a respirator (Harvard Apparatus Co., Inc., S. Natick, MA). Anesthesia was maintained with 1% halothane in 20% 02 and the balance N2. The caudal mediastinal lymph node was located through a right thoracotomy, the efferent duct of the node cannulated with a thin silicone tube, and the node ligated and cut caudally to the inferior pulmonary ligament. Diaphragmatic lymphatics were interrupted on both the right and left sides to further minimize contamination by nonpulmonary lymph (25) . In addition, we placed polyvinyl catheters in the aorta and superior vena cava, and a Swan-Ganz thermodilution catheter in the pulmonary artery.
Measurements
All measurements were made with the animals awake and standing. Psa, Ppa, and Pw were measured using calibrated pressure transducers (Statham P50) attached to a point on the shoulder considered to be at the level of the left atrium, and recorded on an eight-channel recorder (WT 685; Nihon Koden Co., Tokyo, Japan). CO was measured by thermodilution using a CO computer (model 9520; Edwards Laboratories, Santa Ana, CA). Circulating blood leukocytes and platelets were counted with a microcell counter (CC-100; Toa Co., Kobe, Japan) and a platelet counter (PL-100; Toa Co.), respectively.
Prostaglandin analysis TXB2 and 6-keto-PGF1, concentrations (stable metabolites of TXA2 and prostacyclin, respectively) were measured by RIA in plasma and lung lymph (26).
Statistics
Data are presented as mean±SEM. Changes in measured variables over time and between groups were analyzed by two-way analysis of variance, and differences were tested by Duncan's multiple range test.
Significant differences for all comparisons were accepted for P < 0.05.
Results
Shortly after infusion ofDTA, SDS, polybrene, or poly-l-lysine Ppa, Pw, and Q1 increased, L/P decreased, and CO and Psa were not significantly altered. The responses to SDS were transient and returned to near baseline 2 h after SDS infusion (Fig. 1) . However, the responses to DTA (Fig. 1 ) and the polycations (Fig. 2) were more sustained and L/P actually increased above baseline values at 2.5-4 h. Fig. 3 depicts the L/P response (averaged values 2-4 h after infusion) normalized to its baseline value as a function of Ql normalized to its baseline value. Theoretically, increased microvascular permeability should cause a greater transport of protein for a given increase in Q1 compared with normal microvessels. Our results are compared with data obtained during increased microvascular pressure (27) . DTA, polybrene, and poly-l-lysine, but not SDS, data suggest an increase in pulmonary microvascular permeability as evidenced by high L/P values at elevated lymph flow rates compared with elevated pressure data. protein ratios by the lymph flow rate. Fig. 4 
Discussion
The effects of polycations on the lung have been the subject of several investigations (9) (10) (11) (12) . In this investigation intravenous infusions of two polycaiions caused a significant increase in protein-rich lung lymph, indicating an increase in pulmonary vascular permeability. The cationic amphiphile, DTA, but not the anionic one, SDS, caused a similar apparent increase in pulmonary vascular permeability despite the fact that the interaction of DTA with the plasma-lymph barrier per se is probably different than that of polycations. Our results suggest that the cationic property of these molecules has a crucial role in increasing pulmonary vascular permeability. However, Morel et al. (28) Assuming that pulmonary vascular permeability is indeed increased by polycations, the precise mechanism(s) by which they increase permeability is unclear. At least three mechanisms could theoretically explain our data as described below.
1. Polycation-induced mediator release. Since the polycation infusions caused leukopenia (Fig. 5) , it is possible that leukocyte activation also occurred. Activated leukocytes are thought to cause permeability alterations by a number of mediators (e.g., toxic oxygen radicals and proteases). However, circulating leukocyte activation per se does not appear to be the main cause of the polycation-induced permeability alterations for three reasons. First, the polyanion SDS caused a similar leukopenia without an apparent increase in permeability. Second, leukopenia was not affected by db-cAMP or verapamil despite the fact that both appeared to greatly attenuate polycation-induced permeability alterations. Third, polycations have been shown to increase pulmonary permeability in isolated rat lungs perfused with blood-free Ringer's solution (10) (11) (12) 2. Polycation-induced polyanion charge or shape alterations. Another possible mechanism by which polycations could have altered protein transport is by altering either the shape or net charge of the proteins. This does not appear to be a viable mechanism due to the fact no such effect has been shown for albumin exposed to protamine (32).
3. Polycation interaction with anionic sites on the plasmalymph barrier. The plasma-lymph barrier is generally considered to consist of several components (i.e., endothelial cells, basement membrane, interstitial matrix, and the lymphatic endothelial cells). Negatively charged carboxyl and sulfate groups abound on the glycocalyx ofendothelial and interstitial cellular surfaces, in the intercellular junctions, basement membrane, and on the proteoglycans and glycosaminoglycans of the interstitial matrix (6, 7) . Previous studies have indicated that anionic macromolecules are more rapidly transported across lung microvessels than cationic macromolecules of comparable size. Several investigators have demonstrated that pulmonary vascular macromolecular transport is increased after intravenous infusions of the polycations, protamine sulfate, polybrene, and poly-l-lysine (10-12), and that heparin 2066 T. Toyofuku, S. Koyama, T. Kobayashi, S. Kusama, and G. Ueda an indicator ofpermeability. However, in our study polycation infusions increased the clearance of albumin and other plasma proteins to similar degrees, despite the fact that albumin is more anionic than other plasma proteins (Fig. 4) . We therefore conclude that the polycations used in this investigation increase plasma-lymph transport of plasma proteins by an apparent structural rearrangement of some part(s) of the plasma-lymph barrier in addition to neutralization of the an- 3 4 ionic sites of the barrier. The precise mechanism of macromolecular transport across the plasma-lymph barrier is controversial. One proposed mechanism is endothelial contraction, which results in opening of leaky sites and thus increased protein permeability (33) (34) (35) . It has been reported that endothelial contraction is mediated by transformation of intracellular microfilaments, the magnitude of which may be dependent on intracellular cAMP and/or calcium levels (13) (14) (15) . Polycations have also been reported to change the membrane permeability to ions, resulting in electrochemical alterations (36 (45) .
In conclusion, our data indicate that the polycations used in this investigation and DTA cause an increase in pulmonary microvascular permeability. Whether the mechanisms by which DTA and polybrene induce permeability alterations are similar remains to be determined. Polybrene-induced permeability alterations can be greatly attenuated by either verapamil or db-cAMP. T Toyofuku, S. Koyama, T. Kobayashi, S. Kusama, and G. Ueda 
